Structural analysis of interfacial strained epitaxial BiMnO3 films fabricated by chemical solution deposition by 永沼  博
Structural analysis of interfacial strained
epitaxial BiMnO3 films fabricated by chemical
solution deposition
著者 永沼  博
journal or
publication title
Journal of Applied Physics
volume 105
number 7
page range 07D915-1-07D915-3
year 2009
URL http://hdl.handle.net/10097/46590
doi: 10.1063/1.3074096
Structural analysis of interfacial strained epitaxial BiMnO3 films fabricated
by chemical solution deposition
Hiroshi Naganuma,1,a Andras Kovacs,2,b Tetsuro Harima,1 Hiromi Shima,1
Soichiro Okamura,1 and Yoshihiko Hirotsu2
1Department of Applied Physics, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka,
Shinjuku-ku, Tokyo 162-8601, Japan
2The Institute of Scientific and Industrial Research (ISIR), Osaka University, 8-1 Mihogaoka, Ibaraki,
5670047 Osaka, Japan
Presented 11 November 2008; received 17 September 2008; accepted 3 December 2008;
published online 18 March 2009
An interfacial epitaxial BiMnO3 layer was fabricated by chemical solution deposition on SrTiO3
100 substrate, and the microstructure of the film was analyzed by x-ray diffraction XRD and
cross-sectional transmission electron microscopy TEM. The TEM observation revealed the
epitaxial growth of BiMnO3 on the SrTiO3 substrate as follows: 110001BiMnO3  0-10
001 SrTiO3. XRD and TEM analyses revealed that the mismatch between the epitaxial BiMnO3
and the SrTiO3 substrate causes a distortion in lattice parameters of BiMnO3 and, consequently, a
large compressive strain in the BiMnO3 layer. © 2009 American Institute of Physics.
DOI: 10.1063/1.3074096
I. INTRODUCTION
Multivalued memory using multiferroic information of
spontaneous polarization and spontaneous magnetization has
received considerable attention in recent years. One of the
candidate materials for multivalued memory is BiMnO3,
known as a rare multiferroic material having both ferromag-
netism and ferroelectricity.1–3 Gajek et al.4 demonstrated four
resistance states in the epitaxial tunnel junctions using
La–BiMnO3 as a multiferroic barrier. Bulk BiMnO3 has a
noncentrosymmetric monoclinic crystal structure with space
group of C2 and lattice parameters of a=0.953236, b
=0.560643, c=0.985357 nm, and =110.6675°.5,6 Be-
cause BiMnO3 is a high-pressure phase, it is difficult to di-
rectly grow on an amorphous substrate. Therefore, a single
crystalline substrate, such as SrTiO3 100 is used to stabilize
the crystal structure by epitaxial strain.7 According to x-ray
diffraction XRD analysis, the 30-nm-thick La–BiMnO3
film can grow epitaxially on the SrTiO3 100 substrate with
structural strain. It should be noted that the structural strains
of the epitaxial growth would affect tunnel conductance and
magnetic and ferroelectric properties; therefore, investigating
the microstructure of the strained epitaxial film is important
for compensating the reliability of the performance of mul-
tivalued memory. The microstructure of BiMnO3 films epi-
taxially grown on the single crystal SrTiO3 substrate, espe-
cially a few nanometer thick films, is not well understood. In
this work, we analyzed the structure of the interfacial epitax-
ial BiMnO3 layer with a few tens of nanometers grown on
the SrTiO3 100 substrate fabricated by a chemical solution
deposition CSD method. The structural strain of the
BiMnO3 layer was investigated by XRD and transmission
electron microscopy TEM.
II. EXPERIMENTS
BiMnO3 films were fabricated by CSD methods. The
chemical solutions provided by Kojundo Chemical Labora-
tory were used as precursor solutions. SrTiO3 100 sub-
strates were spin coated with the precursor solution at 5000
rpm for 50 s. The spin-coated films were dried at 423 K for
1 min and calcined at 623 K for 5 min. After spin coating
and calcinations had been repeated four times, the films were
sintered between 723 and 1173 K in air for 10 min in air. The
film crystal structure was determined by a conventional  /2
XRD and by x-ray reciprocal space mapping XRSM with
rotating -angle. A JEOL JEM-3000F microscope operating
at 300 kV was used to analyze the film structure in a cross-
sectional view. Electron diffraction was used for phase analy-
sis. Electron diffraction patterns using the structure data of
monoclinic C2 lattices5,6 were simulated by applying the
multislice method.8
III. RESULTS AND DISCUSSION
Figure 1 shows conventional  /2 XRD patterns of an-
nealed films at various temperatures. The film structure is
amorphous below 823 K. Crystalline BiMnO3 is formed
above annealing temperatures of 873 K, while secondary
phases of Bi2O3 and MnOx were formed at high annealing
temperatures. The 923 K annealed specimen shows a single
phase and a good crystalline structure. The 001 peak of the
BiMnO3 layer is shifted to a higher angle compared to the
bulk value, which indicates the presence of the epitaxial
strain BiMnO3 films.
Figure 2 shows XRSM of the film annealed at 923 K.
The sample stage was rotated to the -direction during the
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XRSM measurement. The diffraction spots due to the
BiMnO3 and SrTiO3 structures were observed, indicating the
epitaxial growth of the BiMnO3 film on SrTiO3 100. The
weak diffraction lines at 2=16°, 28°, and 30° along the
-direction indicate the coexistence of polycrystalline
phases with epitaxial BiMnO3.
Figure 3 shows a a cross-sectional bright-field TEM
image and selected-area electron diffraction SAED patterns
taken b from the interface and c from the whole layer c
annealed at 923 K. The dark contrast layer in Fig. 3a was
identified as the epitaxial BiMnO3 layer forming a continu-
ous layer on the surface with a thickness of 20–40 nm. In the
SAED pattern Fig. 3b, the reflections of SrTiO3 and
BiMnO3 structures were identified. By contrast, ring patterns
and a number of individual spots were observed in the SAED
pattern from the whole layer Fig. 3c, indicating that only
the interfacial layer was grown epitaxially while the rest is a
mixed layer of polycrystalline grains and amorphous phase.
In order to determine the structure of the interfacial
layer, we carried out the cross-sectional high resolution TEM
HRTEM observation. Figure 4 shows a a cross-sectional
HRTEM image, b a digital diffractogram image, and c
simulated diffraction patterns of SrTiO3 and BiMnO3 struc-
tures. In Fig. 4a, two BiMnO3 grains marked by “1” and
“2” are shown with an antiphase boundary between them. An
antiphase boundary forms when the translational symmetry
of the lattice is broken and consequently produces two do-
mains shifted in periodicity. The digital diffractogram pattern
obtained from the interface Fig. 4b shows the same re-
flection arrangement, as the SAED pattern shows in Fig.
3b. By simulation of electron diffraction patterns and by
comparison to the experimental SAED pattern and digital
diffractogram, the epitaxial layer was identified as a mono-
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FIG. 1. Color online Conventional  /2 XRD patterns of BiMnO3 layers
on SrTiO3 001 annealed at various temperatures
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FIG. 2. Color online XRSM of the film annealed at 923 K. The sample
stage was rotated for the -direction during the XRSM measurement. The
open and dotted open circles marked the BiMnO3 and SrTiO3 reflections.
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FIG. 3. Color online a Cross-sectional bright-field TEM images and
electron diffraction patterns b from the interface and c from the whole
layer. Reflections of BiMnO3 and SrTiO3 are indicated in b.
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FIG. 4. Color online Cross-sectional HRTEM images of a the interface
between the BiMnO3 and SrTiO3 layers, b the digital diffractogram, and
c the simulated diffraction patterns. In c, the dots  and red crosses
 indicate the position of BiMnO3 and SrTiO3 reflections.
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clinic BiMnO3 structure with a space group of C2. These
results correspond well with the results obtained by Yoko-
sawa et al.6 However we could not observe the C2 /c struc-
ture of BiMnO3 reported in Ref. 6. The epitaxial relation-
ships were determined as 110001BiMnO3  0-10
001 SrTiO3. According to TEM analyses of the interface
Fig. 4b, the monoclinic C2 BiMnO3 structure is
strongly distorted. For lattice parameter determination, re-
flections of the SrTiO3 substrate a=0.3905 nm Ref. 9
were used as standard. The determined lattice parameters
were summarized in Table I. The a-axis and c-axis of
BiMnO3 were depressed by 16% and 13%, respectively,
for matching with the SrTiO3 substrate. The BiMnO3 lattice
was most likely depressed in the third direction as well
b-axis. The -angle of the monoclinic lattice was estimated
by XRD. It was found that the -angle increased from 110.7°
to approximately 120° when compared to bulk BiMnO3. The
schematic illustration of the lattice strain of BiMnO3 on the
SrTiO3 substrate is shown in Fig. 5. It is safe to conclude that
the monoclinic BiMnO3 structure grew on a smaller-in-
lattice SrTiO3 substrate, which leads to strong compressive
strain formation in the BiMnO3 layer. Finally, it was con-
cluded that a high-pressure BiMnO3 phase grows epitaxially
on the SrTiO3 100 substrate with assistance of the epitaxial
strain at the interface. Further investigation of relationships
between epitaxial strain and tunneling conductance and
ferroelectric domain switching is necessary to evaluate the
reliability of BiMnO3 based multivalued memory.
IV. CONCLUSION
A high-pressure BiMnO3 phase was epitaxially grown on
a SrTiO3 100 substrate with strong epitaxial strain by the
CSD method. The epitaxial layer was 20–40 nm thick. The
structure of the BiMnO3 layer was changed to a mixed amor-
phous and polycrystalline layer in a thicker film due to the
decrease in epitaxial strain from the substrate. Epitaxial re-
lationships were determined by XRD and TEM methods as
110001BiMnO3  0–10001 SrTiO3. HRTEM
analyses revealed that a-axis and c-axis of BiMnO3 are de-
pressed by 16% and 13% in the epitaxial growth, while
the monoclinic -angle increased from 110.7° to approxi-
mately 120°. The large lattice distortion of the BiMnO3
structure was attributed to the mismatch of the monoclinic
BiMnO3 structure and the smaller cubic SrTiO3 structure.
This causes a compressive strain in the interfacial BiMnO3
layer. In this work we showed that the BiMnO3 layer forma-
tion is possible on SrTiO3 100 substrates by epitaxial
strain. The ferroelectric and magnetic properties and tunnel
conduction of strained BiMnO3 films are the subject of fu-
ture investigations.
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TABLE I. Lattice parameters of the interfacial epitaxial BiMnO3 layer de-
termined by TEM.
a
nm
b
nm
c
nm

deg
Bulk BMOa 0.953 0.561 0.985 110.67
In this work from SAED/FFT 0.796 0.42 0.855 120
Difference 16.5% 13%
aReference 6.
bfilm=0.42 nm?
y-axis
SrTiO3
bbulk=0.561 nm
abulk=0.953 nm afilm=0.796 nm
x-axis
FIG. 5. Color online Schematic illustrations of lattices of BiMnO3 and
SrTiO3 structures in epitaxy.
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